Superfibronectin (sFN) is a fibronectin (FN) aggregate that is formed by mixing FN with anastellin, a fragment of the first type III domain of FN. However, the mechanism of this aggregation has not been clear. In this study, we found that anastellin co-precipitated with FN in a ratio of ϳ4:1, anastellin:FN monomer. The primary binding site for anastellin was in the segment III 1-3, which bound three molecules of anastellin and was able to form a precipitate without the rest of the FN molecule. Anastellin binding to III 3 caused a conformational change in that domain that exposed a cryptic thermolysin-sensitive site. An additional anastellin binds to III 11, where it enhances thermolysin digestion of III 11. An engineered disulfide bond in III 3 inhibited both aggregation and protease digestion, suggesting that the stability of III 3 is a key factor in sFN formation. We propose a three-step model for sFN formation: 1) FN-III domains spontaneously unfold and refold; 2) anastellin binds to an unfolded domain, preventing its refolding and leaving it with exposed hydrophobic surfaces and ␤-sheet edges; and 3) these exposed elements bind to similar exposed elements on other molecules, leading to aggregation. The model is consistent with our observation that the kinetics of aggregation are first order, with a reaction time of 500 -700 s. Similar mechanisms may contribute to the assembly of the native FN matrix.
Superfibronectin (sFN) is a fibronectin (FN) aggregate that is formed by mixing FN with anastellin, a fragment of the first type III domain of FN. However, the mechanism of this aggregation has not been clear. In this study, we found that anastellin co-precipitated with FN in a ratio of ϳ4:1, anastellin:FN monomer. The primary binding site for anastellin was in the segment III 1-3, which bound three molecules of anastellin and was able to form a precipitate without the rest of the FN molecule. Anastellin binding to III 3 caused a conformational change in that domain that exposed a cryptic thermolysin-sensitive site. An additional anastellin binds to III 11 , where it enhances thermolysin digestion of III 11. An engineered disulfide bond in III 3 inhibited both aggregation and protease digestion, suggesting that the stability of III 3 is a key factor in sFN formation. We propose a three-step model for sFN formation: 1) FN-III domains spontaneously unfold and refold; 2) anastellin binds to an unfolded domain, preventing its refolding and leaving it with exposed hydrophobic surfaces and ␤-sheet edges; and 3) these exposed elements bind to similar exposed elements on other molecules, leading to aggregation. The model is consistent with our observation that the kinetics of aggregation are first order, with a reaction time of 500 -700 s. Similar mechanisms may contribute to the assembly of the native FN matrix.
Fibronectin (FN)
2 is an extracellular matrix protein and is also present in a soluble form in blood and tissue fluid (1) . Soluble, dimeric FN molecules assemble into an insoluble supramolecular structure known as the FN matrix, which appears during embryonic development, wound healing, and also in cell culture (1) . The biological importance of FN during development and wound healing has been demonstrated by generating conventional and conditional FN knock-out mice and alternative splicing domain (EDA) knock-out and knock-in mice (2) (3) (4) .
FN matrix fibrils may be one of the least understood macromolecular protein assemblies. Whereas a large number of protein structures can be self-assembled from purified subunits (e.g. microtubules, actin filaments, collagen fibrils, and viruses capsids), FN fibrils have only been produced by living cells in culture. The cells in tissue culture can assemble FN matrix fibrils either from FN that they synthesize or from soluble FN added exogenously. Fibril assembly takes place on the cell surface and requires integrins (5) (6) (7) (8) (9) .
A fundamental deficit is our lack of knowledge of the structure of FN fibrils. FN molecules must be attached to each other to form the fibrils, but we do not know even the sites of contact between molecules nor the types of bonds that hold them together. Several attempts at in vitro assembly of FN have resulted in aggregates that may be related to FN matrix fibrils. For instance, aggregates could be formed when FN was partially denatured in guanidine HCl and incubated over time (10, 11) . However, these aggregates seemed to be mediated by disulfide bonding of two free cysteines, which are not involved in native FN fibril formation (12) . When FN is partially denatured and sheared in solution, the FN aggregates into mats with a distinctly fibrillar substructure (13) (14) (15) . An intriguing alternative method of fibril formation involved pulling fibrils from the surface of a FN solution. This method did not involve solution denaturation, but surface denaturation may have played a role (13) . These in vitro systems appear to have some relation to FN matrix assembly in vivo, but comparisons have not yet been followed up.
A decade ago, Morla et al. (16) reported that a small FN fragment, anastellin (originally called III 1c), was able to induce aggregation and precipitation of FN in vitro. The aggregates had a partially fibrillar substructure that resembled FN fibrils at the light microscopic level. When FN was coated on plastic in the presence of anastellin, it had enhanced cell adhesion activity. The authors named the aggregate superfibronectin (sFN). Subsequent studies of anastellin have revealed potentially important biological activities when injected peritoneally into mice, including inhibition of angiogenesis and tumor growth (17) . These activities required plasma FN (18) , so it is likely that sFN plays a role. When tested in cell culture, Bourdoulous et al. (19) found that high concentrations of anastellin (20 M) blocked FN matrix formation and caused an established matrix to disappear after 16 h of treatment. In contrast, Klein et al. (20) found that 20 M anastellin caused no change in the FN matrix, except for loss of a particular epitope in EDA. However, their cultures were examined only after 1-2 h. Changes in cytoskeleton organization and signaling pathways have also been documented following treatment with anastellin (19, 21) .
In contrast to these studies on biological activities of anastellin, the biochemistry and structure of sFN itself has been little studied. The fibrillar structure of sFN aggregates suggested that the in vitro aggregation of anastellin and FN might be related to the assembly of FN fibrils in cell culture. Thus, understanding the structure of sFN may lead to insights on the structure and assembly of FN fibrils. A crucial step is to map the binding sites and determine the stoichiometry of anastellin binding to FN. Ingham et al. (22) have shown that an anastellin-like peptide binds several proteolytic FN fragments. However, anastellinbinding sites on FN for sFN aggregation have not been mapped.
In the present study we used a range of overlapping recombinant fragments to precisely map the binding sites for anastellin. We discovered that some segments of FN formed an aggregate with anastellin similar to sFN. This allowed us to determine the stoichiometry of binding. We also used a disulfide mutant to show that the unfolding of an FN-III domain is a key factor in aggregation. These results advance our understanding of the structure of sFN and provide new directions for determining the structure and assembly of native FN fibrils.
EXPERIMENTAL PROCEDURES
Bacterially Expressed Proteins-Diagrams of all of the recombinant FN fragments used in this study are shown in Fig. 1 (23) . Some of the constructs have additional residues at the C terminus; Cys was added for potential labeling, and Thr-Ser were created by the insertion of a restriction enzyme site for potential cloning. Following expression in Escherichia coli M15 for anastellin and BL21(DE3) for the FN fragments, most of the recombinant proteins were soluble and were purified with a cobalt-agarose column (TALON; Clontech) using standard procedures. However, anastellin was always in the insoluble pellet of the bacterial lysate and required renaturation. The pellet was solubilized in 4 M guanidine HCl in 20 mM Tris buffer (pH 8.0) and passed over a cobalt column. The protein was immobilized onto the column and renatured before elution. For renaturation, the column was sequentially washed with 4, 3, 2, 1, and 0.5 M guanidine HCl in 20 mM Tris buffer (pH 8.0) and finally with 20 mM Tris buffer containing 150 mM NaCl (TBS; pH 8.0). Then the renatured soluble fractions were eluted with 1 M imidazole in TBS. Although a high concentration of imidazole was used for elution, anastellin was spread out over a large number of fractions and had to be concentrated with a Centricon-10 (Millipore) as described previously (19) . Anastellin (with a His 6 tag) from the pQE-70 vector (20) was also recloned into pET11b for expression in BL21(DE3) to improve solubility. However, the majority of anastellin was still insoluble and required renaturation. After renaturation, anastellin was quite stable in TBS and was able to induce sFN formation. Renatured anastellin also bound to a heparin-agarose column (Sigma) at the physiological salt concentration of 150 mM NaCl, as reported previously (25) .
Mammalian Cell Expression Protein-The I 1-9 (N-terminal 70-kDa domain) expression vector was constructed by modifying the pAIPFN-GFP vector (26) . First a fragment containing FN-III domains consist of a ␤-sandwich structure, with three strands (A, B, and E) on one side and four strands (C, CЈ, F, and G) on the other. An engineered intrachain disulfide bond between residues 795 and 837 locks ␤-strands B and E together, within the three-stranded sheet (A). The other intrachain disulfide bond between residues 782 and 859 bridges ␤-strands A and G, across the two sheets (B). The images were created with the PyMOL computer program (W. L. DeLano, www.pymol.com). Because there was no assignment of secondary structure in the model of III 3, we manually adjusted the length of the ␤-strands based on the structure of III 7-10. digestion to reduce vector size. Fragment I 5-9 was PCR-amplified with a His 6 tag, a stop codon and an XbaI site on the 3Ј end and inserted back into the XbaI site on the vector. We call this vector pAI1-9. The His 6 tag was added at the C terminus for purification purposes (QAQQ . . . YPSSGGGHHHHHHC, the FN sequence is underlined). To add a neomycin selection cassette, the EYFP-C1 vector (Clontech) was inserted into the KpnI site in the pAI1-9 expression vector (this vector, pAI1-9/Neo, does not express YFP, because of a modification). The I 1-9 expression vector was transfected with Lipofectamine (Invitrogen) into Chinese hamster ovary K1 cells. The transfected cells were cultured with ␣-minimal essential medium (BioWhittaker) containing 10% fetal calf serum (Hyclone) in the presence of geneticin (G418, 0.75 mg/ml; Invitrogen). The highest expression clone was identified by Western blotting. The conditioned medium from this clone was collected, loaded onto a gelatin-agarose column (Sigma), and eluted with 6 M urea in TBS. The eluted fractions contained both I 1-9 fragments and FN from the fetal calf serum and so were run over a cobalt-agarose column for further purification. The I 1-9 fragments were eluted with 0.2 M imidazole in TBS. We typically obtained 0.1-0.2 mg of purified protein from 1 liter of culture medium.
Pelleting Assay-The concentrations of purified proteins were estimated from their absorbance at 280 nm using the extinction coefficient of each protein calculated by the Protean computer program (DNAstar Inc.). The concentration of plasma FN (pFN) is stated for the monomer. Prior to the pelleting assay, proteins were centrifuged at 20,000 ϫ g for 10 min to remove minor aggregates. The proteins of interest were mixed in a final volume of 25 l with TBS containing 5 mM EDTA and incubated at room temperature for 16 h. EDTA was added because some metal ions, such as cobalt and copper, are able to precipitate a small fraction of FN (27) . 3 After incubation, the samples were centrifuged at 20,000 ϫ g for 10 min, and the supernatants were collected. The pellets were rinsed with 100 l of TBS and resuspended with SDS-PAGE loading buffer. SDS-PAGE was performed using standard procedures.
Turbidity Assay-Turbidity measurements were performed with a spectrophotometer (Shimadzu, UV-2401PC). Prior to the assay, the proteins were centrifuged at 20,000 ϫ g for 10 min to remove minor aggregates. The proteins of interest were mixed in a final volume of 500 l with TBS containing 5 mM EDTA. The samples were illuminated with 550-nm light, and data were collected at 20-s intervals for 1,800 s.
Protease Assay-Proteins of interest were digested with thermolysin (10 g/ml) in a final volume of 25 l with TBS containing 10 mM CaCl 2 at room temperature for 1 h. Prior to the digestion, the proteins were incubated with or without 40 M anastellin at room temperature for 2 h. The samples were analyzed by SDS-PAGE.
Disulfide Mutations-To design an intrachain disulfide bond in III 3, structural models of potential mutants were created by SWISS-MODEL (an automated protein homology modeling server) (28) . For this modeling, tenascin FN-III domain 3 (29) and fibronectin FN-III domains 7-10 (30) were used as template structures. Two pairs of residues, residues Ser 795 and Ser 837 and residues Ala 782 and Ser 859 , were selected for mutagenesis (Fig. 2) , based on the proximity of modeled cysteine residues (i.e. the distance between sulfur atoms was estimated to be 2.0 -2.5 Å). Site-directed mutagenesis was performed on the III 1-5 expression vector using Pfu turbo DNA polymerase (Stratagene). Mutant proteins were purified as the wild type protein described above. Disulfide bond formation in these mutants was confirmed by nonreducing SDS-PAGE in which disulfide mutants migrated slightly faster than wild type. 5,5Ј-Dithio-bis(2-nitrobenzoic acid) assays (31, 32) also showed that there was no significant amount of free sulfhydryl under denaturing conditions, indicating that these disulfide bonds are completely formed. After 16 h, the aggregates were analyzed by light microscopy and SDS-PAGE. Fluorescence (A) and differential interference contrast (B) images showed that aggregates contained FN-YFP and had a fibrillar substructure. A Coomassie-stained SDS-PAGE gel (C) showed that the aggregate was mainly composed of FN and anastellin. S, supernatant; P, pellet. NOVEMBER 25, 2005 • VOLUME 280 • NUMBER 47
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Cell Culture and Microscopy-FN-YFP transfected 3T3 cells were maintained with Dulbecco's modified Eagle's medium (Invitrogen) containing 10% calf serum (Hyclone) (33) . Cell suspensions (0.2 ml; 8 ϫ 10 5 cells/ml) were dropped onto 22-mm square cover glasses in 35-mm culture dishes and incubated at 37°C for 30 -60 min to allow cells to settle. The medium was then changed to Dulbecco's modified Eagle's medium containing 10% fetal calf serum depleted of FN, with or without recombinant FN fragments. After cells were cultured for 16 h, the samples were fixed with 3.7% formaldehyde in phosphate-buffered saline (pH 7.4), washed, and mounted on slides. The samples were observed with a light microscope (Zeiss Axiophot) using a YFP filter set (41028, Chroma), and the images were captured with a cooled CCD camera (CoolSNAPHQ; Roper Scientific).
RESULTS
Anastellin-binding Sites on FN and Stoichiometry of Anastellin Binding to FN and Recombinant
Fragments-When anastellin was mixed with the conditioned media from cells secreting FN-YFP, the mixture became turbid and formed visible aggregates. Fluorescence microscopy showed that the aggregates contained FN-YFP and had some fibrillar structures (Fig. 3A) . Most aggregates were large globular pellets as seen in Fig. 3 (A and B, upper right corners) . The fibrillar substructure was best seen in thinner extensions at the edges. Differential interference contrast images frequently showed fibrillar structures even in the large globular aggregates (Fig. 3B) . SDS-PAGE showed that the aggregates consisted primarily of FN and anastellin (Fig. 3C) . These results indicate that anastellin specifically interacts with FN to form sFN and does not precipitate proteins in general.
We next tested a range of concentrations of anastellin and found that 20 -40 M anastellin was needed to efficiently precipitate 1 M purified pFN (Fig. 4) . 40 M anastellin was able to precipitate up to 4 M purified pFN (data not shown). This suggests that the absolute concentration of anastellin rather than the ratio relative to FN is important. To determine the stoichiometry of anastellin to FN in the pellet, we scanned the Coomassie Blue-stained SDS gels from the pelleting assay along with ones containing FN and anastellin over a range of concentrations. We found an average of four anastellins/FN monomer (mean Ϯ S.E. ϭ 4.13 Ϯ 0.12, n ϭ 6) in the sFN pellet (Fig. 5) . A recent study reported that anastellin co-precipitated with FN, in a ratio of 5-10:1 (34), similar to our results. In both cases the stoichiometry was estimated from scanning gels, which may not be the most accurate technique. However, we believe that our use of separate calibration curves for each protein should be accurate to within one subunit.
Several conditions were found to inhibit sFN formation: high salt (0.5 M NaCl), glycerol (40%), detergent (1% Triton X-100), and also high pH (CAPS buffer, pH 11.0). To resuspend sFN after it was formed, urea, guanidine HCl, or CAPS buffer (pH 11.0) was required, suggesting that the sFN aggregate is very stable. If left in TBS for several days, however, half of the aggregate would go back onto solution. To map the anastellin-binding sites on FN, recombinant FN fragments were tested to see whether they inhibited sFN formation. Selected fragments are shown in Fig. 6 , and the results for all the fragments are summarized in Kinetics of sFN Formation-The aggregation process was monitored spectrophotometrically by measuring the turbidity of the solution at 550 nm (Fig. 7) . The kinetic profiles for FN, III 1-3, and III 1-2 aggregation with anastellin were very similar to each other, although the kinetic profiles at low concentrations of III 1-2 showed a lag phase that may indicate nucleation (Fig. 7C) . The assembly curves appear to comprise an initial rise that is approximately exponential, followed by a slower rise that may be linear or a slow exponential. Because III 1-3 fragments were smaller than FN, higher III 1-3 concentrations were required to detect turbidity. Although III 1-3 and III 1-2 were similar in size, the turbidity measurements for III 1-2 required still higher concentrations than III 1-3, consistent with the above observation that III 1-2 may aggregate with anastellin less efficiently than III 1-3. We attempted to fit the initial turbidity rise to a single exponential. The fit was not perfect but was reasonably good (Fig. 7, A-C) . Remarkably, the reaction time for the fit was approximately the same, 500 -700 s, for FN, III 1-3 and III 1-2, despite the different molecular structures and concentrations. Because anastellin was constant at 40 M in all of these reactions, we next tested whether the kinetics were dependent on anastellin concentration. As seen in Fig. 7D , the kinetics for FN were the same when anastellin was increased from 40 to 160 M. At lower concentrations of anastellin the kinetics are complicated by the lower rate and extent of reaction, and we did not investigate this range. We conclude that for (saturating) anastellin concentrations above 40 M, the kinetics of assembly are determined by a first order reaction with a reaction time of ϳ600 s. The possible nature of this reaction will be addressed under "Discussion."
Anastellin Alters Protease Sensitivity of FN-III Domains-We next used thermolysin to map anastellin-binding sites on FN. Limited ther- [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and the appearance of a new 80-kDa band (Fig. 8, first and  second lanes) . We then used the FN fragments to map the site(s) more precisely.
Effects of FN fragments on sFN formation and aggregation with anastellin
Fragments Inhibition of sFN formation Aggregation with anastellin
There were two major sites that became thermolysin-sensitive in the presence of anastellin. The first site appears to be in III 3. III 1-5, III 2-5, and III 3-5 were digested to identical sized fragments (ϳ27 kDa) in the presence of anastellin (Fig. 8) . The digestion at this site apparently produces the 80-kDa fragment in native FN (Fig. 8, second lane, arrow) . III To test this hypothesis, we generated two disulfide mutants, S795C/S837C and A782C/S859C. S795C/S837C, which locks strand B to strand E within the three-stranded sheet, reduced III 1-5 aggregation with anastellin ( Fig. 9A) and prevented thermolysin digestion in the presence of anastellin (Fig. 9B) . When these experiments were performed under reducing conditions, S795C/S837C behaved just like wild type, confirming that it is the disulfide bond that alters the properties of III 3, not the mutations themselves. Surprisingly, A782C/S859C, which locks strands A and G across the two sheets, did not affect aggregation and thermolysin sensitivity (Fig. 9, A and B) , suggesting that this disulfide bond did not stabilize III 3. We also found that the thermolysin sensitivity of III 3 in the presence of anastellin could be mimicked by denaturing conditions (Ն2 M urea), suggesting that anastellin binding holds III 3 in an unfolded state (Fig. 9C) . The disulfide bond between S795C/S837C also prevented protease digestion under denaturing conditions (Fig. 9C) .
Ability of Fragments to Inhibit FN Matrix Assembly-When recombinant FN fragments were added to cell cultures, I 1-9 and III 7-10 interfered with FN matrix formation (Fig. 10, B and D) , as reported previously (39, 40) . III 1-5 had no effect on the formation of the FN matrix (Fig. 10C) .
III 4 -7, III 10 -12, and III 13-15 also did not affect on FN matrix formation (data not shown). Interestingly, in this experiment III 12-14 did not interfere with FN matrix formation (Fig. 10E) , in contrast to a previous report (41) . The addition of anastellin did not block matrix formation but made the FN fibrils thicker and clumpy (Fig. 10F) , compared with the thinner fibrils of the native FN matrix (Fig. 10A) .
DISCUSSION
Assembly of FN matrix fibrils in cell culture requires two features that are not needed for sFN aggregation. First is the C-terminal disulfide that forms the dimer; a monomeric FN mutant is unable to form the FN matrix (42, 43) . Second is I 1-9, the N-terminal 70-kDa domain of FN. Excess I 1-9 has an inhibitory effect on FN matrix formation (39) , and deletion mutants lacking this region are not assembled into FN fibrils (42, 43) . Our recombinant I 1-9 was able to inhibit FN matrix formation in cell culture, but it did not interfere with sFN formation.
I 1-9 did co-precipitate with sFN, indicating that its binding site, presumably in III 1-2, is not eliminated by anastellin binding and sFN aggregation.
FN matrix assembly likely involves bonds in addition to the C-terminal disulfide and I 1-9, and these bonds may be involved in sFN aggregation. Our analysis identifies the segment III (20) . This epitope loss was originally interpreted as remodeling of the matrix. However, our work suggests it may result from a conformational change passed from III 11 to the adjacent EDA. The FN-III domain is a sandwich of two ␤-sheets, three ␤-strands (A, B, and E) on one side and four ␤-strands (C, CЈ, F, and G) on the other (Fig. 2) (29, 30) . Anastellin is derived from the first FN-III domain but lacks the N-terminal ␤-strands A and B. Despite this disruption anastellin is a soluble, monomeric protein. When analyzed by NMR (44) anastellin showed few cross-peaks, suggesting a loose structure with rapid dynamics. However, an ordered structure was produced by adding the detergent CHAPS. This NMR structure showed that strand E is somewhat extended, whereas the other half of the ␤-sandwich (strands CЈ, C, F, and G) forms a sheet virtually identical to that in the native FN-III domain (44) . The hydrophobic surface that normally interacts with strands A, B, and E is therefore largely exposed and potentially capable of binding complementary hydrophobic surfaces. Briknarova et al. (44) also made the important point that anastellin has exposed ␤-sheet edges that are susceptible to amyloid-like association with other ␤-sheets. Interestingly, our disulfide mutant, S795C/S837C, which stabilized III 3, locked strand B to strand E ( Fig. 2A) III 1-5 (wild type), S795C/S837C, and A782C/S859C disulfide mutants at 10 M were mixed with 20 M anastellin with or without 2 mM dithiothreitol and were centrifuged after 16 h (A). 5 M wild type and mutant proteins were incubated with 40 M anastellin or various concentrations of urea for 2 h and then digested by thermolysin (10 g/ml) for 1 h at room temperature (B and C). Std, BenchMark TM protein ladder (Invitrogen). NOVEMBER 25, 2005 • VOLUME 280 • NUMBER 47 might be separation of the two halves of the ␤-sandwich, or it might involve separation of a smaller unit. The engineered disulfide that stabilized III 3, between strands B and E ( Fig. 2A) , would not prevent separation of the two halves, nor would it block separation of any ␤-strand from the four-stranded sheet. The domain unfolding may thus begin on the three-stranded sheet. One model is that the pair of strands A and B may lift up and separate from strand E, breaking the hydrogen bonds to E and the hydrophobic contacts to the four-stranded sheet. The disulfide would prevent this by locking strands B and E together. Separation of any pair of strands would expose a large portion of the hydrophobic interface between the two halves and would expose new ␤ sheet edges. Other models, such as the flipping out of CЈ and E, are also consistent with this disulfide lock.
Domain Unfolding in Superfibronectin Formation
We propose a three-step model for the formation of sFN aggregates. The first step is the spontaneous unfolding of FN-III domains, which is slow and rate-limiting. As stated above, the key step may be folding out a pair of ␤-strands, not a complete unfolding. The second step is the binding of anastellin to these unfolded domains, which stabilizes the unfolded conformation. This leads to the third step, the association of the unfolded FN-III domains to form aggregates. We will now elaborate these steps. When an FN-III domain spontaneously unfolds in the presence of a high concentration of anastellin (40 M or more), anastellin rapidly binds some part of the partially unfolded domain and blocks refolding. This then leaves the remaining part of the domain with exposed hydrophobic patches and ␤-sheet edges. We propose that aggregation follows when the partially unfolded domains of one molecule of FN (or an FN fragment) binds to unfolded domains from another. Although anastellin may also participate in bridging FN-III domains, its major role may be to stabilize the partially unfolded FN-III domains.
This model could explain the first order kinetics we observed for aggregation. We suggest that 40 M anastellin is saturating, and above this concentration every time a susceptible FN-III domain spontaneously unfolds; it binds anastellin much more rapidly than it can refold. The rate of aggregate formation is thus determined by the rate of spontaneous domain unfolding. The 500 -700-s reaction time we observed is very similar to the 1,000-s time for spontaneous unfolding.
As described so far the anastellin binding might involve nonspecific binding of hydrophobic patches. However, we have found that anastellin binds specifically to III 1-3 and III 11. Furthermore, other truncations of FN-III domains similar to that of anastellin do not have an anastellin-like activity (16, 21) . There is thus a substantial specificity to the binding of anastellin. This specificity is likely to involve both a steric complementarity of the hydrophobic surfaces and interactions between ␤-strands. The extended E strand of anastellin is a likely candidate for specific binding because mutations there eliminated the aggregation activity (44) .
An essential feature of aggregation is that each III 1-3⅐anastellin complex must have at least three sites for binding other complexes. If there was only one site, the association would be limited to dimers, and two sites would produce only linear chains of molecules. The binding sites are presumably the unfolded parts of FN-III domains and anastellin, but it is premature to speculate on what they are and what the binding partners could be.
This mechanism can also be cast in terms of a domain swapping model (see Ref. 51 for review) . Domain swapping in FN-III domains was originally suggested by Litvinovich et al. (52) to explain the ability of the isolated III 9 domain to partially denature and then reassemble into amyloid fibrils. The relationship of domain swapping, amyloid formation, and sFN was also suggested and discussed by Briknarova et al. (44) .
Anastellin is an artificially constructed fragment and probably does not exist in vivo; it is therefore unlikely to be involved in FN fibril assembly. Nevertheless, we believe that native matrix assembly may use a mechanism that is related to the aggregation of sFN. The interaction between unfolded and folded domains or two unfolded domains occurs rarely in dilute solution, but it may be enhanced by concentrating the FN molecules on the cell surface. Therefore, domain swapping between FN-III domains may play a key role in matrix assembly.
In addition to domain swapping, we would like to address the possibility of a tandem ␤-zipper interaction between I 1-9 and unfolded FN-III domains during FN matrix assembly. The tandem ␤-zipper interaction was originally reported in the NMR structure of I 1-2 bound to a peptide from a bacterial adhesin (53) . In this structure, the bacterial peptide bound to I 1-2 by forming ␤-strands that extended the ␤-sheet of FN-I domains. A related mechanism may be involved in the binding of III 1-2 to I 1-9. Thus, when FN-III domains spontaneously unfold on the cell surface, where there is a high local concentration, unfolded domains may form isolated ␤-strands that can interact with I 1-9 before refolding themselves. A ␤-zipper interaction between unfolded FN-III domains and I 1-9 is an intriguing candidate for a mechanism of FN matrix assembly.
